The strontium (Sr) isotopic compositions in the HCl-soluble and insoluble fractions of sediments impacted by penguin and seal excreta in the maritime Antarctic were analyzed. The HClsoluble phase of the sediments impacted by penguin guano has a high 87 Sr/ 86 Sr ratio (average 0.7087), close to the ratio in seawater (average 0.7092), suggesting that the 87 Sr/ 86 Sr ratios in the sediments are significantly impacted by penguin guano. The 87 Sr/ 86 Sr ratios in the HCl-soluble phase of the sediments impacted by seal excreta vary between 0.705066 and 0.706117, with an average of 0.705507, higher than those of the local bedrock, but lower than the ratio in modern seawater; they are interpreted to be a mixture of Sr from seal excreta (30 to 50%) and the weathering products of the local bedrock (50 to 70%). The Sr contributions from penguin guano and seal excreta were calculated using the 2-member isotope mixing equation, and they have a significant correlation with the historical penguin population size as estimated from other geochemical analyses and the seal hair density in the sediments, respectively. These results suggest that the 87 Sr/ 86 Sr ratios in the HCl-soluble fraction of sediments impacted by penguin or seal excreta can potentially be used as an indirect and new proxy for the historical population size of these sea animals in the maritime Antarctic.
INTRODUCTION
Penguins and seals have been considered to be the ideal 'bio-indicators' of the ecosystem and environmental changes in the maritime Antarctic (Ainley et al. 1995 , Smith et al. 1999 , Sun et al. 2000 , Croxall et al. 2002 . Abandoned colonies, bones, feathers, egg fragments, guano in relic ornithogenic soils, hairs, and other samples of these species have been scrutinized in recent years to (1) reconstruct the historical changes of their populations and colonies; (2) investigate the factors responsible for more drastic changes; (3) study their responses to regional and even global climatic and sea-level changes; and (4) reconstruct the paleoenvironments in the maritime Antarctic (Baroni & Orombelli 1994 , Zale 1994 , Hodgson & Johnston 1997 , Tatur et al. 1997 , Emslie et al. 1998 , Sun et al. 2000 , Zhu et al. 2005 . It has been suggested that the changes in the population of penguins or seals are caused by climate-related factors such as sea-ice coverage and atmospheric temperature. Currently available data and evidence, however, are not consistent with each other and remain equivocal and debatable, and one of the major reasons is the difficulty in obtaining long-term and continuous in situ data (Croxall et al. 2002 , Kato et al. 2002 , Weimerskirch et al. 2003 .
The concentrations of Cu, S, Sr, Zn, P, Ca, Ba, F and Se in sediments impacted by penguin guano and seal hair density have recently been proposed and used as the long-term in situ data and the proxy for the size of historical penguin and seal populations (Hodgson & Johnston 1997 , Sun et al. 2000 ,b, Sun & Xie 2001 , Zhu et al. 2005 . The results from these methods, however, could be impacted by a number of factors, such as elements from the sources for local bedrock and the dilution, grain-size effects and preservation conditions of penguin guano and seal hair.
During the 15th and 18th Chinese Antarctic Research Expeditions (CHINARE-15th and CHINARE-18th), we investigated the ecological environments of penguin and seal colonies on Ardley Island and Fildes Peninsula, on King George Island, maritime Antarctic. We collected sediment samples in the catchments close to penguin and seal colonies, and we analyzed the 87 Sr/ 86 Sr ratios in the sediments impacted by penguin or seal excreta. In this paper, we propose to utilize the 87 Sr/ 86 Sr ratios in the HCl-soluble fraction of the sediments impacted by penguin or seal excreta as an indirect and new proxy for the size of historical penguin or seal populations.
Strontium (Sr) isotopes are generally used as sensitive geochemical traces. They differ from other isotopes (H, C, N, O and S) in that they are unaffected by biological or chemical processes and the mass-dependent isotope fraction (Miller et al. 1993 ). In addition, they provide information about the sample's provenance and related geologic processes, such as water-rock interaction and mixing of isotopically distinct materials (Gosz et al. 1983 , Miller et al. 1993 , Capo et al. 1998 , Barbieri 2002 , Lyons et al. 2002 . In recent years, Sr isotope compositions have been increasingly applied to the studies of earth-surface processes and sedimentary environments. The 87 Sr/ 86 Sr ratios in various ecosystem pools and sedimentary environments are the results of mixing of Sr derived from different sources (Gosz et al. 1983 , Derry et al. 1992 , Ingram & Sloan 1992 , Miller et al. 1993 . Based upon the differences in the compositions of various sources, Sr isotopes can be used as the source indicators and the tracers for the cycles of nutrients in the ecosystems (Graustein 1989 , Palmer & Edmond 1992 , Blum et al. 1994 , Blum & Erel 1995 , Bailey et al. 1996 , Capo et al. 1998 , Barbieri 2002 , Lyons et al. 2002 .
MATERIALS AND METHODS
One study site was located on Ardley Island (62°13' S, 58°56' W), which is linked to the Fildes Peninsula through a sandy dam with an area of about 2 km 2 (Fig. 1) . The topography is even and has a highest elevation of 70 m. Mosses and lichens cover 70 to 80% of this island. It is one of the most important penguin colonies in the maritime Antarctic. During the breeding period every summer, the number of penguins on this island is estimated to be 10 218; the major species are gentoo Pygoscelis papua (74%), Adélie P. adeliae (21%), and chinstrap P. antarctica (5%) (Trivelpiece et al. 1987) . A large amount of guano is deposited in the lakes on the island by ice or snowmelt water every year. For this study, a 67.5 cm lake core was collected from a lake (Y2) using a 12 cm PVC pipe during CHINARE-15. The sediments in this lake were amended and strongly impacted by penguin guano (Sun et al. 2000 . The sediment core was divided into 64 sections of 1 cm each for the upper 64 cm and 1 additional section for the bottom 3.5 cm (from 64 to 67.5 cm depth) in the laboratory. Sr isotope composition analysis was performed at 5 cm intervals.
The other sampling site was located on the Fildes Peninsula (62°12' S, 58°58' W), in an ice-free area on King George Island, the largest of South Shetland Islands (Fig. 1 ). On the west coast there are some established colonies of marine mammals. Large marine mammals include 5 pinnipeds: Weddell seal Leptonychotes weddellii, southern elephant seal Mirounga leonine, leopard seal Hudrurga leptonyx, Antarctic fur seal Arctocephalus gazella, and crabeater seal Lobodon carcinophagus. Of those species, the elephant seal is the most abundant (71.4% of total seal populations). The fur seal follows with a population size of ~1600 (14.8%) ). During the molting and breeding period each summer, seal hairs and excreta are deposited in the sediments by snowmelt water. During CHINARE-18, a 42.5 cm sediment core (HF4) was collected from a terrestrial catchment (62°11' 57'' S, 59°58' 48'' W) on the western coast of Fildes Peninsula (Fig. 1 ). The sediment core was sectioned at 0.5 cm intervals for the top 18 cm (HF4-18). Within the overall sediment core stratigraphy, seal hairs were found at various depths, but no plant 44 Fig. 1 . Study area and sampling sites. Lake Y2 and HF4 catchments are shown remains were observed. The study areas and sampling methods also have been described by Sun et al. ( , 2004a . All the air-dried subsamples were ground into powder using an agate mortar and pestle, and the >120mesh fractions were separated from the powder and analyzed. The dried samples with precise weight were treated with 0.1 mol l -1 hydrochloric acid (HCl), and the silicate fraction was not significantly dissolved at this concentration (Barbieri 2002) . The HCl-soluble and insoluble phases were separated via filters. The HCl-soluble phase represents the soluble marinesource fraction, and the insoluble one approximately represents the siliceous fraction (Barbieri 2002) . The filtrate was transferred into a 25 ml vessel, and 15 ml of the filtrate was removed to a Teflon crucible and evaporated to dryness at 200°C. The insoluble phase was washed 3 times with Millipore water then put into a porcelain crucible and incinerated for 1 h at 450°C and 1.5 h at 550°C in the muffle. About two-thirds of the insoluble fraction was placed in a Teflon crucible and 0.5 ml of 6 mol l -1 HCl, 0.5 ml HNO 3 and 3 ml HF was added, sealed and then heated for 24 h at 160°C. The cap was taken out and washed with Millipore water; HF was evaporated at 230°C. All the samples of the insoluble phase were then dissolved in 2.0 mol l -1 HCl and centrifuged at 2000 rpm for 3 min. The supernatant was pipetted off and dried.
All the samples were re-dissolved in 2 ml of 2 mol l -1 HCl. They were eluted on a quartz cation exchange column loaded with Biorad AG 50 × 8 resin for Sr separation. Sr isotopic compositions were determined in a Finnigan-MAT 262 thermal ionization instrument with static multi-collection. The 86 Sr/ 88 Sr ratios were normalized to an 86 Sr/ 88 Sr ratio of 0.1194. NBS987 standards run with each sample magazine yielded an average value of 0.710257 ± 21 (2σ, n = 20) during the course of this work. The 87 Sr/ 86 Sr ratios in the soluble and insoluble phases of tundra vegetation, fresh penguin and seal excreta were also determined using the same method.
In addition, we analyzed the concentrations of Zn, Cu, Ca, Sr, P, Se, Ba, S in the Y2 lake sediment profiles and the concentrations of S, Se, F, TOC (total organic carbon) and TN (total nitrogen) contents and seal hair density in HF4-18. Zn, Cu, Ca (as CaO) were determined using atomic absorption spectrometry (AAS); Sr and Ba were analyzed using inductively coupled plasma atomic emission spectrometry (ICP-AES); P (as P 2 O 5 ) was determined using ultraviolet visible spectrometry (UVS); Se was determined using atomic fluorescent spectrometry (AFS); S was determined by volume method (VOL) after fusion with KI. TOC content in the sediments was measured using the chemical volumetric method; TN content was determined by the Kjeldahl method. The seal hairs were counted following the method of Hodgson & Johnston (1997) . These data have been published, and the methods have been described by Sun et al. (2000 Sun et al. ( , 2004a .
RESULTS
The strontium isotope compositions in the sediments from the Lake Y2 are given in Table 1 and Fig. 2a . The 87 Sr/ 86 Sr ratios in the HCl-insoluble phase range from 0.703416 to 0.705759, with an average of 0.704302 (n = 15), close to the 87 Sr/ 86 Sr ratios (0.70314 to 0.70396) of the bedrock and the silicate phase for the sediments (Zheng et al. 1988 , Li et al. 1992 , Chen et al. 1997 , Xing et al. 1997 . This suggests that the Sr in the HCl-insoluble phase is predominantly derived from the weathering products of local bedrock. The 87 Sr/ 86 Sr ratios in the HCl-soluble phase range from 0.708191 to 0.709077, with an average of 0.708743 (n = 25), close to 0.7092 (Burke et al. 1982 , Capo & DePaolo 1992 , the average 87 Sr/ 86 Sr ratio of fresh penguin guano and modern seawater. This indicates that the Sr in the HClsoluble phase is predominantly derived from the deposition of penguin guano, and the marine Sr is transferred into terrestrial ecosystems via the food chains. The 87 Sr/ 86 Sr ratios in the HCl-soluble phase are determined by the amount of the penguin guano transported and deposited into the Lake Y2, and they reflect the relative size of the penguin population in the catchment of the lake. For the purpose of comparison, the concentration-versus-depth profiles ( Fig. 2b-h) of 7 elements (S, P 2 O 5 , Cu, Zn, CaO, Ba and Sr) (Sun et al. 2000 and the profile (Fig. 2j ) of the loading factor in the Y2 lake sediments are also given. As reported in our previous work (Sun et al. 2000 , these elements in the Y2 lake sediments have a high concentration; their levels show a similar fluctuation against depth; and they are clustered into the same group according to the correlation coefficients between their profiles. The assemblage of these elements is an important geochemical characteristic of the lake sediments impacted by penguin guano. The loading factor (Fig. 2j) , derived from Q-mode factor analysis of these elements' concentration-versusdepth profiles, represents the relative size of historical penguin populations.
As shown in Fig. 2 , the profile of the 87 Sr/ 86 Sr ratios versus depth is very consistent with those of the 7 elements. The 87 Sr/ 86 Sr ratio in the soluble phase is significantly correlated with the concentrations of S, P 2 O 5 , Cu, Ba, and Sr (Table 2) . Therefore the 87 Sr/ 86 Sr ratio in the HCl-soluble phase of the sediments impacted by penguin guano can provide a useful indicator for the size of historical penguin population. The lack of such a correlation between the 87 Sr/ 86 Sr ratio and Zn, CaO, and Se is likely caused by the incorporation of the latter elements from weathering products into the Y2 lake sediments.
The 87 Sr/ 86 Sr ratios in the HCl-soluble and insoluble phases of HF4-18 are given in Table 3 and Fig. 3a Sun et al. 2000) agreement with the Sr isotope composition of the bedrock around the study site (Zheng et al. 1988 , Li et al. 1992 , Xing et al. 1997 . The 87 Sr/ 86 Sr ratios in the HCl-soluble phase, however, vary between 0.705066 and 0.706117, with an average of 0.705507 (n = 10), higher than those of the local bedrock, but lower than the value of 0.70918 from modern sea water. This suggests that the Sr in the HCl-soluble phase of HF4-18 sediments is a mixture of the isotopically distinct Sr from both marine and weathering sources. The profile (Fig. 3a) of the 87 Sr/ 86 Sr ratio versus depth in the HCl-soluble phase of HF4-18 is shown together with the profiles (Fig. 3b-f ) of S, Se, F, TOC, TN and seal hair density (Fig. 3h ). As seen in this figure, the profile of the 87 Sr/ 86 Sr ratio in the HCl-soluble phase is consistent with those of the seal hair density and the levels of S, Se, F, TOC and TN. The seal hair density in lake sediments has been used as the proxy for the size of seal population (Hodgson & Johnston 1997 , and the 87 Sr/ 86 Sr ratio in the HCl-soluble phase of lake sediments can be another good proxy for the size of historical seal population in the maritime Antarctic.
DISCUSSION
Strontium in terrestrial lake sediments usually has various sources. According to the Sr isotopic compositions determined in this study (Fig. 2, Table 1 ), the Sr in the HCl-insoluble phase of the Y2 lake sediments is predominantly derived from the weathering products of local bedrock. This is also supported by the 87 Sr/ 86 Sr ratios in the HCl-insoluble phase of the local tundra vegetation ( Table 1 ). The Sr in the HCl-soluble fractions was predominantly derived from penguin guano. Field observations showed that many abandoned penguin colonies are distributed in the areas around the Y2 lake (Sun et al. 2000 , and the deposition of penguin guano strongly influences the physical and chemical properties of tundra soils via the effects of microbes and thus the sediments in the lake (Ugolini 1972 , Tatur et al. 1997 ).
There are other 2 likely sources of Sr for the Y2 lake sediments. The first is atmospheric precipitation, since Y2 is close to the Southern Ocean. Precipitation has a Sr isotopic composition similar to that of seawater, but the Sr concentration in Antarctic precipitation (less than 1 ppb) is lower than that in the seawater (about 8 ppm) by several orders of magnitude (Graustein & Armstrong 1983 , Gosz & Moore 1989 , Åberg et al. 1990 , Capo et al. 1998 , Burton et al. 2002 . Thus the contribution of Sr from atmospheric precipitation is insignificant. Tundra vegetation could be another source, since it flourishes around the lake. However, Sr isotopes are generally not fractionated by biological processes (Miller et al. 1993 , Capo et al. 1998 1.5 to 2 -0.705995 ± 32 2 to 2.5 0.703367 ± 63 0.705155 ± 16 2.5 to 3 0.703392 ± 22 -4 to 4.5 0.703947 ± 55 -5 to 5.5 0.703338 ± 13 0.705503 ± 18 6 to 6.5 0.703367 ± 17 0.706117 ± 62 7 to 7.5 0.703341 ± 15 -8.5 to 9 0.703283 ± 19 0.705404 ± 32 10 to 10.5 0.703379 ± 22 0.705236 ± 50 12 to 12.5 0.703516 ± 24 0.705254 ± 40 13 to 13.5 0.703330 ± 15 0.706083 ± 30 13.5 to 14 0.703546 ± 14 -16.5 to 17 0.703528 ± 16 0.705121 ± 38 17 to 17.5 -0.705201 ± 15 Table 1 , the 87 Sr/ 86 Sr ratios in the HCl-soluble phase of local moss vegetation are close to those in fresh penguin guano; and the Sr available to local tundra vegetation is predominantly derived from penguin guano.
It seems highly likely that the Sr in the Y2 lake sediments, as well as the tundra vegetation, is derived from penguin guano and the local bedrock around the lake, and the 87 Sr/ 86 Sr ratio in the sediments is controlled by the amount of penguin guano and weathering products from local bedrock. Therefore we can use the following 2-member isotope mixing equation to estimate the contribution (X p ) of the penguin guano-derived Sr in the HCl-soluble fractions (Graustein & Armstrong 1983 , Graustein 1989 , Miller et al. 1993 , Capo et al. 1998 ): where ( 87 Sr/ 86 Sr) m is the determined Sr isotope ratios in the HCl-soluble phase of the Y2 sediments; ( 87 Sr/ 86 Sr) w and ( 87 Sr/ 86 Sr) p are the isotopic ratios of the weathering-derived and penguin guano-derived Sr in the soluble phases, respectively.
The HCl-soluble Sr in the weathering products of the study area is most likely derived from the calcium carbonate of primary origin and has the same isotopic ratio as the insoluble phase. Geologically, our study area consists mainly of Tertiary andesitic and basaltic lavas and tuffs together with raised beach terraces; the local rock is compositionally dominated by feldspar, pyroxene, apatite, etc. But an insignificant amount of HClsoluble carbonate mineral is present in this region (Zheng et al. 1988 , Li et al. 1992 , Chen et al. 1997 , Xing et al. 1997 , and its distribution has been investigated in detail in 274 samples of 84 local soil profiles. Calcium carbonate, belonging to grainy and crystal calcite, was found in only 17 samples of 5 soil profiles, and its content ranges from 1.09 to 6.15% (Zhao 1995 , Zhao & Li 1995 . Since secondary calcium carbonate with stalactitic, tuberculoid or farinose structures was not observed in this region, and biogenic CaCO 3 is insignificant due to low temperature (Zhao 1995 , Zhao & Li 1995 , CaCO 3 in the local soils and thus the HClsoluble Sr in weathering products is predominantly derived from the parent material, i.e. local bedrock. Therefore HCl-soluble phase of weathering products has the same Sr isotopic ratio as the insoluble phase.
According to the isotope mixing equation above, the calculated contributions (X p ) of the Sr from penguin guano in the soluble phase of the Y2 lake sediments are given in Fig. 2i , and they are in the range of 81.8 to 97.4%, with an average of 91.5%. The correlation between X p and the loading factor (the proxy for pen-guin population) is striking and statistically significant (r = 0.88; p < 0.001). According to Sun et al. (2000) , the penguin population was lowest at 1800 to 2300 yr BP, a period of low temperature (Clapperton et al. 1989) . After this, the population increased and peaked between 1400 and 1800 yr BP (Fig. 2a,i) , and the peak corresponds almost exactly to the period of high precipitation (Zhao 1990) .
The relative contribution (X s ) of seal excreta to the Sr isotope composition in the HCl-soluble phase of HF4-18 is given in Fig. 3g and is between 30 and 40%. The correlation between X s and the seal hair density is also striking and statistically significant (r = 0.86, p = 0.001). According to Sun et al. (2004a) , the seal population exhibited dramatic fluctuations with 2 peaks in the depths from 5 to 8 cm (750 to 500 yr BP) and from 12 to 15 cm (1400 to 1100 yr BP), as illustrated in Fig. 3a ,g.
The concentrations of Cu, S, Sr, Zn, P, Ca, Ba, F and Se in the sediments impacted by penguin guano and the seal hair density have been successfully used as the proxy for the size of historical populations of penguins and seals (Hodgson & Johnston 1997 , Sun et al. 2000 ,b, Zhu et al. 2005 . The results from these methods, however, could be impacted by a number of factors, such as the dilution, grain-size effects, inorganic sources, and preservation conditions. Compared with these methods, the 87 Sr/ 86 Sr ratio has a number of advantages. First, it is not affected by these factors, although their determination requires serious chemical analyses. Second, it is not affected by post-depositional diagenesis. Third, it helps in determining whether or not the sediments of a terrestrial lake are affected by the excreta of penguins or seals in the maritime Antarctic ) and in estimating the corresponding Sr contribution from the excreta. Therefore the 87 Sr/ 86 Sr ratio in the HClsoluble phase of lake sediments and the calculated contribution of the Sr from penguin or seal excreta provides a more accurate and sensitive proxy for the relative size of historical penguin or seal populations in the maritime Antarctic.
In conclusion, we propose a novel method to estimate the relative size of historical penguin or seal populations in the maritime Antarctic based upon the analyses of the HCl-soluble 87 Sr/ 86 Sr ratios in the lake sediments impacted by these marine animals. The obtained historical record, combined with 14 C dating, can provide more accurate and valuable information about the changes of these marine animal populations, and thus the paleoenvironments, paleoclimates and their evolution in the maritime Antarctic.
